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ABSTRACT ents and luminosity. This led to discussions on accelerating struc-
ture research which included topics such as: state-of-the-art
We address the collider physics issues, concepts and technddoaped detuned structures (DDS) being explored for the fu-
gies of (&ey) colliders at a cm. energy of 5 TeV and a lumiure linear colliders; mm-wave structures; dielectric structures
nosity of 165 cnmr2sL, for laser linac and plasma channel guiding structures for laser
wakefield acceleration. Structures at high frequencies and with
[. INTRODUCTION small dimensions raise obvious concerns regarding wakefields
and their harmful effects on beams. The idea of ‘planar’ struc-
The Advanced Accelerator Technologies subgroup aires as a way of overcoming wakefield limitations arising from
Snowmass’'98 provided the platform to discuss and evaluateylindrial’ ones were explored. The typical problem of
concepts as well as technologies for achievifg (@ colli-  wakefields from the short bunches expected in high frequency
sions at a center-of-mass energy of 5 TeV with a luminosity adcelerating structures were discussed at length. These discus-
1035 cmr2s1. The collider parameters were grounded to thgons were also grounded to the facts about and experience with
key issues of achievable acceleration gradient, beam emittanige, SLC collimator wakefields. Yet another vital topic con-
beam stability and overall power efficiency: they had direct interned the power sources that drive these structures at high fre-
plications on the length (compactness), beam quality (luminggrencies. Sheet beam klystrons, two-beam acclerator drivers,
ity), average luminosity (physics reach) and wall-plug powggrotrons and lasers were all discussed in this context. Finally,
(operating cost) of the collider. One of the primary goals of thige progress in mm-wave structure design and fabrication at
group was also to identify promising research and developmgL, the gamma-gamma interaction point design at Berkeley
directions in potential electromagnetic power sources, accahd Livermore, 30 GHz klystron thoughts at SLAC and laser
eration schemes, accelerating structures and instrumentafi@ikefield acceleration of electrons to relativistic energies ap-
relevant to such high energy, high luminosity colliders. proaching 100 MeV in laboratory settings at various institu-

tions - were all noted.
The agenda and participation in the Advanced Accelerator Tech-

nologies subgroup are described in Appendix A and B, resp&his summary report is organized as follows. In Section II, we
tively. The discussions and talks covered a broad range of tadew the classical collider design scalings, taking into account
ics: lasers; laser wakefields; THz radiation; klystrons anble radiative effects at the interaction point (IP). In Section IlI,
gyrotrons; mm-wave technology; microfabrication (via LIGAve expose and demonstrate the failure of this classical design
process); plasma-based devices; metals, dielectrics, semigzradigm to provide a credible collider scenario, unless we re-
ductors and superconductors; short bunch wakefields andctisider and re-interpret the radiative constraints at the IP via a
instrumentation; beam dynamics; plasma physics; microwavesift of paradigm which we discuss in Section IV. Section V
yycolliders and new concepts. The frequencies considereddives a brief synopsis and status of the current concepts of and
the elctromagnetic power source of the collider ranged fromesearch on colliders with a 5 TeV reach, broken into broad
few GHz (tens of cm.s in wavelength) to a hundred THmfa categories of wavelengths, gradients and technologies, but all
in wavelength) with traditional stop-bands at L-band (~1.3 GH#jased on the new paradigm expounded in Section IV. Section
S-band (-3 GHz), X-band (~11 GHz), W-band (~30 GHz, ~84 to IX further elaborate on the collider categories of Section
GHz), 1 THz and 100 THz. The THz source explored was base@dection X outlines the possible next steps in 5 TeV collider
on solid-state microstrip lines irradiated by short pulse lasesgplorations. We conclude with an outlook for the future in
and the 100 THz sources were the modern short pulse, héglttion XI.

peak power ¥lasers themselves.

Starting out with discussions on collider scalings in the highly II. CLASSICAL COLLIDER DESIGN
radiative environment of collisions at 5 TeV with a luninosity SCALINGS

of 103%cmr2sl, the group explored ideas of transcending the

radiative limitations via gamm-gamma collisions, neutralized| typical collider configuration at the IP is shown in

beams, etc. The scalings indicate a significant trend towapjgure 1 (a). The goal is to ensure the highest probability of

higher accelerating frequencies in order to achieve high graghtlisions (and hence rate of events) without being compromised
- ] ] ] b¥ the severe electromagnetic environment at the IP. The ra-
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erate undesirable backgrounds in the surrounding detector. Tiae severe radiative effects at the IP lead to significant en-
achieve high probability of collision, one attempts at as higteggy loss of an individual colliding particle, measured in terms
charge density in the bunch as possible: packing a large n@nthe statistical beamstrahlung energy spread parardgter,

ber (N) of electrons in a single bunch and squeezing them iaigrage energy loss of a beam particle to beamstrahlung in units
a tight focus at the IP (vertical and horizontal spot sizwf)f of its own full energy.

andox* = Roy*). In addition, one tries to collide as frequently

as possible (at a rate f 3Nrep with a string of ) colliding If the_ nL_meer of particles per bunch is too large, the macro-
bunches, repeated at a ratgyf. The luminosity in this con- Scopic fields are strong, the beamstrahlung photons are higher

figuration is given by: in energy and can produce coherefe(gpairs, as depicted in
5 Figure 2 (b}, In addition, some of these hard beamstrahlung
L= _ N7 H (1) photons from opposing beams will collide and interact through
4Trcry*2R the hadronic QCD sector to give rise to mini-jets, as depicted in

Figure 2 (clP]. The electromagnetic and hadronic background
where H is a luminosity enhancement falodue to the elec- is characterized by the parametgnmhich when multiplied by
tromagnetic pinching of one beam against another dependbgthadronic cross-section, gives us the hadronic background.
on the bunch lengtb; and focusing beta functidh* atthe IP Typical beamstrahlung concerns for a collider designer revolve
(Figure 1 (b)). This luminosity comes at the price of a higifound issues of a large number of coherent pairs produced, a
average power in the colliding beams (two of them) of endarge beam energy spread, significant electromagnetic and had-
ergyyme and given a certain wallplug-to-beam efficiemgy ronic background in the detector, etc. Typical flags for large

at a certain cost of the wall-plug powey,:P radiative energy spread and backgrounds are:
2 Y >>0.3
Pb=2(ymc )(Nf):”PW- ) 5g >0.1
ny>>1 .

A charged patrticle in one of the colliding beams, feels a strong
electromagnetic field arising from the macroscopic motion Afthough there are many sources to the background, conven-
relativistic speed of the opposing intense beam at collision. T#hal collider designs primarily focus on the rate of coherent
transverse acceleration (or bending) of charged particles in i pProduction per particle given by:
field leads to emission of energetic photons, known as
‘Beamstrahlung photons’ as depicted in Figure Bla) v 0.43r 2 g W gﬁ 2 0 @

* D .
The first parameter to characterize the radiative effects due to a Eozcy *R
macroscopic beam electromagnetic fields is known as the Up- ) _ ) ) )
silon paramterY, which is a measure of the averagghe “conventional wisdom” in collider designs to date has been
beamstrahlung photon energy in units of the beam particle &hoperate in the regime ¥f< 0.3.
ergy in collision, in the classical sense.




[1l. IMPLICATIONS OF CLASSICAL SCALING We are thus forced to consider colliders with radiative param-
FOR A5 TeV COLLIDER eters in the nonconventional regimé:>1 andd>>.1, to
achieve pragmatic collider scenarios.
To explore implications of classical collider scalings for a
5 TeV collider, let us introduce the “scaled” natural variables as
follows:
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In terms of these fundamental beam and acceleration pa- N - o ? F 7 ¥ 97
rameters, one can write the following scaling relations be- S] g 2 @ @ ch\.J 133 '6'4 "c'>J_ Lc'oJ_ %J_
tween the number of particles per bunch, beamstrahlung - @ o~y A
energy spread, collision frequency, beam power, vertical Ei
. . . gure 3.
disruption parameter and the scaled variables as fol-
lowsl6]: IV. SHIFT OF COLLIDER SCALING
PARADIGM
~ ~\V2m+
N ~108(sx[3x) EH_R E?ﬁ’ 2y 4)
22 R The previous section suggests that we would have to think about
dg ~ 0_5)‘—2 (5) future multiple TeV-scale*e colliders rather differently. In
[1+(].5Y)2/3] fact, this shift of paradigm can be achieved based on some
nonconventional, albeit not new, ideas. There are many ways
f -2 6x107 R 11, (6) of circumventingr living with the rather high radiative effects
(1+ R)2 A2 Y2 at the IP. We enumerate a few of them below.
v L ~ ~\l2
P, ~ 2x10° 1 AL(SXBX) (7) A. Photon-Photon Collisions.
(1+R) Y N2
~g/2(s A \-V2 Instead of direct*e collisions, one could consider the/*y
Dy ~0.6 Y RA (eXBX) (8) collisions” via Compton conversion as shown in Figd?é.él

Figure 3 demonstrates the scaling and variation of these scaled_aser Photon

variables as a function of the ‘beamstrahlung’ paranyéfiera A hv _
5 TeV c.m. collider at a luminosity of ¥onm?s!. We have “H IP e
assumed the colliding beams to be round (R=1) with a state-of- _ i

the-art normalized rms horizontal emittance of tad and a e .CPAJVV\"’ ® < “r\’r\’rgF\, ‘LI e
beamstrahlung energy spread param@terf 10%. \e' Y 111

As we clearly recognize from the scaled parameter variations Laser Photon
(and Figure 3 could be re-examined with different values of Figure 4. hv

d,;,R, and g with similar conclusions), at a 5 TeV center-of-

mass energy with a luminosity of %#€n?s?, conventional
collider design choices for the radiative parametersYe@.3)

lead tf) unrealisitc values for_critical C(_)Ilid_er parameters € guiner the relevant issues here would be: (i) does the laser
total_sne_powerwell above agigawatt (h|_gh||_ghted by the (_:urY&:hnology exist to allow us to reach physically interesging

a” n Figure 3), etc. A deta_lled examination of the COIIIOIe&ollision regime? (ii) is the photon-photon collision physics
scalings leads to the conclusion that any approach to the 5 'Fgé("y complementary to{e) collision physics? and (iii) the

collider (tha; usehs ?P“realistic” emittantije ﬁ_n(:wavherage tl)e"f]é]ahnical feasibility of(yy) IP geometry, given the proximity
power) pushes the IP parameters towards Yiighd the accel- of the IP to the Compton Conversion Point (CP) and other me-

erator towards short wavelength. chanical constraints imposed by the detector, for example.

In photon-photon collisions, there are no issues of beamstrahlung
d,) or coherent pairY) limitation as in direct & collisions.



B. Neutralized Beams

=
One could conceive a colliding scenario, as shown in,, n1—" P
Figure 5 (a), where both the total charge and current is neutral- 2
ized at the IP. There are no macroscopic electromagnetic fields ——— — »
expected in this configuration and hence no severe radiatve @~ - — — — — | N = FF|IP

effects and limitations fron¥ andd,. 5] = center energy offset | I

of beamlinej }<—>|
e
et
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e

(@ C. Other Options

There are some other options to bypass the Migsue: one

could consider a ‘plasma lens compensation’ scheme af#he IP
— However, the background generated by the plasma itself needs

to be studied. One can also contemplate a lower luminosity

®) initially (with modes®, andY'to “DISCOVERY ONLY”), but
Figure 5 the question of an upgrade path begs an answer.
The relevant issues here are: (i) size and cost of the resulting D. Accept Largerand 3,

collider; (ii) complicated (although ‘systematic’ and ‘tunable’)

collision kinematics with uncertain initial states and, (iii) coa final option would be simply to live with the high radiative
herent stability of the four beams against each other’s ebcréﬂvironment and ignore highands,. Flirting with such large

magnetic fields which leads to beam disruption as Sho"\m\?r%mdés implies that we will have to live with collisions poten-

Fig. 5 (b), driven by uncompensated total charge dipole mo- p » ;
ments of the colliding beams. This scenerio is also amenablc%?(l)ly notas “clean” as lower energy ¢ colliders, but maybe

. L o > it will inspire new schemes for detectors and data filtering. It
enhancing the luminosity by scaling it a8\\* as opposed to o1 be noted however that it is important and even possible

NN as in eq. (1). This could be achieved by relaxing the fingl|imit the hadronic background tg+i even with larg& and

focus which could then employ a larger That would allow 3., as is the case with all collider scenarios in this report.
coherent collisions of many bunches within the focal region as
shown in Fig. 6. To reduce the site power, however, such &. CURRENT RESEARCH AND STATUS OF

scenario could envision a beam combining scenario in a mul- 5 TeV COLLIDER CONCEPTS

tiple bunch “matrixed” linac as shown in Fid®J It is obvi-

ous here that the beam combining scale lengtts bounded Current research on collider components, parameters and basic
below due to emittance growth from synchrotron radiation frof¢hemes splits naturally into two broad categories:

the hard bends. The criticality of beam alignment in this

neutrialized four-beam and beam-combiner scenario is ob{#) One thatis based on relatively low (albeit augmented from
ous. Such beam combining schemes can also ameliorate |§&@sent day designs) gradients of hundreds of MV/m and low
ing and wakefield constraints by distributing the collidingequencies of GHz to tens of GHz; and (2) One that is based
charges into many weaker bunches into multiple linac cha! high gradients of 1 GV/m or higher and high frequencies
nels, before combining them as in Fig. 7. from mm-waves to 100 THz.

< B > The status of current research is summarized in Table I. It is

important to note that all colliders based on any of these tech-

¥// nologies would still have one common theme that is relevant at
‘ ....... ‘ ._> 4‘ ‘ ..... ‘ the IP; they will all have a high' (>1), high &g (>>10%)
N 2 i 1 2 N and/or would contemplate a gamma-gamma collideioameu-

P/\ P tralized four-beam scheme to overcome radiative effects. They

all will also come with the associated particle physics implica-
Figure 6 tions: high backgrounds and/or uncertain initial states due to
four beams. We now discuss the categories in Table | in turn.




Tablel - CURRENT STATUSOF 5 TeV COLLIDER RESEARCH
Wave- Potential Collider
Technology length A Gradient Length R& D Technology Details

Superconducting materials research;
SCRF >10cm |100 MV/m | 60 km| new superconductor; site

Power sources prototype, drive beam
RF 1cm|[200 MV/m| 30 km] dynamics, site

sheet beam klystron research, site 30 GHz Tube Driven

‘Bismuthate' materials
30GHz TBA

mm-wave . . 90 GHz Dielectric
and THz [<3mm| 1GV/m |< 10 km|PWT source invention, structure | 9o GHz Conducting
invention, fabrication tech. 1 THz
Lasers & . laser structure-based
beamsin [<300 um >10 GV/m|  ~ km| MOdUle Prototype, rep. rating = | jaser plasma-based
plasmas & guiding, staging, beam dynamics| paam structure-based
structures beam plasma-based
Yy relevant to &l the above ~10 kHz rep. rate, TW peak power lasers, IR mechanical configuration

VI. A5 TeV é'e LINEAR COLLIDER BASED e T— G HI-Evolllion Pl _____
ON SUPERCONDUCTING (SC) CAVITIES Length |Gradient |Material | Te |Emax [Energy | osity
Possibilities of a 5 TeV*e" linear collider on the “TESLA” | KM Mv/m K [MV/m) GeV_ |em2st
site based on superconducting cavities were discussed and ex20 25 Nb [92] 60 |500 [5x1033
plored9]. Major parameters for such a collider are shown fin 20 40 Nb 92| 60 | 800 1034
Table II. Such a collider would be based on: 40 40 Nb [92] 60 |1600 [2x1034

| _ N 40 80 |NbssSn [18 100 [3200 [ex1034
(1) aninstalled 300 MW wall-plug power with 37% efficiency 20 120 |BakBiO3] 30 | 1607 | 4800 1035

for conversion to beam;

(2) 1-3 GHz Klystrons rate_d_ at 10 MW over 1_0 ns each; ~ The essential R&D areas required to go with this envisioned
(3) 5,000 such klystrons filling 40 km active linac length; o\ 4, tion are as follows:

(4) Loaded gradient of 120 MV/m in sc cavities; and Near Term:
_(5) l\_Ib38nf_ BaKBiOgysupergonducting cavity upgrades us- () Evaluate RF critical field of NgSN:
ing high Tc ‘bismuthate’ materials. (i) Develop 1-cell NBSn cavities at fcc= 80 MV/m

and

We r_10te that none of th? above hz_ive been achieved _yet_. The(iii) Develop method to covert multi-cell Nb cavities to
maximum achieved gradient today in a 9-cell TESLA Niobium Nb3Sn in situ.
Cavity at DESY is limited to 25 MV/H0].

o ) _ Medium Term:
If TESLA were built with a large site measuring upto 58 km () 10 MW, 10 msec klystrons:
facility length to allow upgrades and up to 40 km active struc- (i) SMES based modulator and
ture length, the envisioned evolution path to 4.8 TeV is as in (iii) Input power couplers atl MW.
Table 119, based on a series of technology upgrades involv-
ing initial Nb cavities later coated with N$n in situ to raise Long Term:
gradients to 80 MV/m and eventual replacement by ‘bismuthate’ &, 51 ate potential of bismuthate BaKBiat Tc=30°K

cavities with potential gradient of 120 MV/m. for higher gradients.
Tablell
VIl. A5 TeV (e+e'y) LINEAR COLLIDER

f~4.7kHz Np ~ 20,000
Spot Size: 1.3 nm x 505 nm Possibilities of a 5 TeV (ee"y) collider on a possible NLC site
Normalized " " based on advanced higher frequency RF sources driving nor-
Emittance : 10 m-rad x 10 m-rad mal conducting structures were discussed and presented at the

Yy~23 & ~23% Workshopll. The parameters of such a collider are presented

in Table IV.




Table |V structure? What are the thermal and electrical limits? Can ex-
isting power sources be exploited and improved? Can new

L ~1035cm&l N ~2.4x 109 power sources be designed and built?
f~120Hz Np~225 The surface breakdown gradient limit is givetfhy
Spot Size: 0.5nm x40 nm
Normalized Ggp ~ 0L 3GV/m) _,-7/8 (9)
Emittance : 108 m-rad x 10°6 m-rad O T1/4)\Z</3 ?n |
y~27 & ~ 27%

while the background electron capture limit is giveffby

Such a collider would be based on the following: -
Gcapture>\ ~2MV - Gegpture -3t (10)
(1) aninstalled 300 MW wall plug power with 20% efficiency

for coversion to beam; The “pulsed heating” limit on gradient, for a temperature

(2) 34 GHz “clustered” or “sheet beam” klystrons rated at rise of AT in a metal with electrical and thermal conductivites

130 MW each; ;
’ - . _of o and K pulsed by radio-frequency power at a wavelength of
(3) 12,500 such klystrons filling 30 km active linac length; A (cm.) is given bifl:

(4) 160 Binary Pulse Compression scheme; 9 dﬂ'
(5) an acceleration gradient of 260 MV/m, loaded down to Gou ~0 3DG_VU] AT dj AoU8 ~1/4 U oKC 0(11)
190 MV/m with beam, and PH ““Om 0°CH (cm.) OKC)CU 5

(6) a C-band injector and Damping Ring.

In Figure 8, we have plotted the three gradient limits from egs.
We note again that none of these are achieved today. We 'I@Y?(lO) and (11) vs. wavelength forra0.5 long radio fre-
50-70 MW Klystrons @ 11.4 GHz, ari8Binary Pulse Com- quency pulse with €, 80°C and 126C temperature rises re-
pression Scheme and a 10% wall-plug to beam efficiency igsectively. It is evident that metallic structures are limited by
day. The corresponding gamma-gamma luminosity would Bakdown and capture at long wavelengths, before being lim-

optimized té12l: ited by pulsed heating, whose threshold is an order of magni-
tude higher in gradient. This limitis around 100 MV/m at around

N Ly~ 1.4-7X184cm?s1 1 cm. wavelength, the primary cause behind the gradient and
requirnng: length limitations at long wavelengths. As we go to shorter

wavelengths approaching mm-waves, metallic structures are
(1) laserat1um, 1 J per pulse and 27 kW average power afifhited primarily by pulsed heating, whose threshold is signifi-
(2) photoinjector with five times better brightness than statgantly lower than breakdowar capture limits, but still a re-

of-the-art. spectable ~1GV/m. Thus the experimental question of the ef-
_ _ fect of pulsed heating at short wavelengths should be studied at
These do not exist today, without further R & D. various temperature risé§ vs. pulse lengths and number of

pulses per second, etc. It is clear that the thrust would be to-
VIIl. LIMITS OF METALLIC STRUCTURES wards shorter wavelengths approaching mm-waves (~90 GHz)
to push conventional metallic structure and power source tech-
Itis evident from Section VI and VI, that even with significantology to its limit. The questions of fabrication, wakefields, rf
R&D on superconducting material technology, power sourcesurces, etc. at such short dimensions should be studied.
up to 30 GHz, etc., it is going to be difficult to attain significant
economy in the sizer@ost of these colliders based on achiev- 10l 1 AlT-80°c R
able gradients. The fields would probably saturate out at a few aT=arC | AJTROC N
hundred MV/m and the lengths would have to be at least few
tens of kilometers. Probably this is an indication that one should 140
take a leap to a totally different technology (in analogy to th
transition from “propellar-driven” to “jet propulsion” aviation o
technology) that would allow us to reach 1 GV/m and higher

I Breakdov!/n
AN A G178
N Trapping

Pulsed heating
limit on gradient

L . . . . -1 fort=0.5
electric field gradients, with potential for colliders at TeV en-~ 10 ! i
ergy range within a few kilometers of site length. NLC .\\
However, before contemplating such a transition, we would like _ _, || I l l I \|T
to pose and answer the following question: “What are the ulti- 4 103 102 101 100 10l
mate limits of metallic structures?”. In particular, what is the A (cm)

ultimate “gradient” achievable in Copper some such )
Figure 8



IX. POTENTIAL OF LASERS Laser-induced Surface Damage

103

Modern short pulse lasers can be focused to generate intense
fields exceeding 10 GV/m. These lasers can be used either dj.
rectly to generate accelerating fields in presence of bounddgies E
or indirectly to drive a density and electromagnetic wave it a [
plasma for purposes of acceleration. They can also be us§d1@s'
fast triggers to switch and release enormous energy densitigs in

the THz frequency that can be stored in semiconductor striplies |
biased with high pulsed voltages. This energy, when focu§eﬂ0 |
to small spot sizes can also yield high gradients. We discuss
this last process in the following Section A, followed by possi- ]
bilities with lasers in free-space in B and possibilities With 207, 1,y 4 v s v+ v o v o]
laser in plasmas in C. Finally, we discuss progresgyon 101 100 10l 102 103 104 105 106
colliders briefly in D. laser PU'S‘(?a')engfh (psec)

A. Possibilities in the THz Maximum Acceleration Gradient

102 TITTTTIT T (IO I T T T [T T T i T I rr e rr 1

copper

[ Ti:sapphire | [Nd:YAG |

For frequencies higher than 100 GHz, it becomes difficult to YbYAG
conceive metal waveguides as structures. However, one may \ Nd:YLF ]
contemplate propagation of waves in “open” or “dielectri¢’  E 3

structures. We ask the questions: (a) can freely propagagng -
THz or optical pulses be coupled to an electron beam by sa@mgy [
structure with boundaries ? and (b) what are the ultimate po%si-
bilities of THzor optical sources?

dielectric

urfac

1 copper
? 10°
High intensity THz pulses at 1 kHz repetition rate has already E
been produced by Budiarto ef&3] They report generation of i SLAC—#» ]
terahertz pulses with 0i4J pulse energy at 1 KHZ repetition 1020 | i oo & u iri & st s b s i s b s i 11 sis]
rate using a large aperture GaAs photoconductor with 3 cm. 101 100 10! 102 103 104 105 1068
gap aluminum electrodes, biased at voltages up to 45 kV, irra- laser pulse length (psec)

diated with short pulse lasers with fluences of the order of (®)

40 pd/cr?. By focusing the THz beam with a 9" parabolic
mirror to a FWHM of 2.8 mm, peak electric fields of 15 MV/m
were obtained. Bias fields significantly higher than 15 kV/cm.
can be obtained by utilizing pulsed voltage switches (as op- _ o ) o
posed to DC bias voltage). The radiated fields could be pot H1:_illy a dielectric micro-accelerator using cylindrical laser fo-
tially focused to hundreds of MV/m. Such higher intensity THSing has been proposed by Huang and[BYlebased on an
pulses could be explored for applications to electron guns witfcelerating electromagnetic mode created by two crossed la-

Figure 9

high brightness in phase spHdé. ser beams as shown in Fig. 11. The net energy loss to coherent
Cherenkov ratiation at mode-restricting apertures will compete
B. Possibilities with Lasers in Free Space with the energy gains from crossed fields in this configuration.

Gradients of a 1 GV/m and acceleration of upto a million par-

There exists the possibility of acceleration via lasers in free spHgle Per bunch are expected.
in presence of suitable boundaries. These boundaries provide

proper termination of electromagnetic fields, resulting in net Axicon

acceleration of particles. They could be either metatlidi- Lens

electric boundaries. The laser-induced surface damage in terms Dielectric
of damage fluence (J/@nand maximum acceleration gradient Fiber Optic

(GV/m) vs. laser pulse length are shown in Figs. 9 (a) and (b
respectivel{£5]. Both the damage threshold and surface field
are a good fraction of an order of magnitude higher for dielec-

X XXX XXX X XXX
%2

trics than for metallic structures. There is, ongoing resEgich PRO?d'allég — .
on Inverse Cherenkow acceleration using a dielectric channelled L('a”rft Trans!t|on Accel qat|on
10-100 THz waveguide structure, as shown in Fig. 10. Here a '9 Section Section
radially polarized laser pulse is guided by a dielectric fiber with Figure 10

potential axial electric fields upto a 1 GV/m.



D. Photon-Photon Colliders

It has been recognized that in order to maximize the reach to
accessible high energy physics frontier, it is important and rea-
sonable to explore the technical possibility of at least two inter-
action points (IPs) at these colliders: one for normal electron-
positron collisions and a second one for collisions of hard pho-
tons on hard photons, electrons on hard photons and electrons
on electrons. This second IP is commonly referred to as the
Gamma-Gamma Collider arm of a linear collider - a term dubbed
after an international workshop on the topic in Berkeley in
199471, High energy photons i.e. gamma rays for these colli-
line sions are most effectively produced via Compton backscatter-
reflector electrons ing of focused laser beams by the high energy electron beams
of the linear collider. The high energy photon beams are then
brought into collision with opposing electron or photon beams.
Since one does not need positrons for the Compton conversion,
the possibility of electron-electron collision exist as well. With
suitable laser and electron beam parameters, a luminosity of
electron-photon and photon-photon collisions comparable to that
of the electron-positron collisions can be achieved. In addi-
tion, the polarization of the high energy photons can be con-
trolled via polarization of the laser and the electron beams. With
high luminosity and variable polarization, the photon-photon
) and electron-photon collisions at TeV energies will significantly
C. Laserin Plasmas enhance the discovery potential and analytic power of a TeV
linear collider complex.
Lasers can be used to drive large amplitude waves in high den-
sity plasmas with associated fields reaching 10-100 GV/§et another important reason to consider photon-photon colli-
However focused lasers tend to diffract away and it is onegns is the limitations imposed by radiative effects of the mac-
the ongoing research and development programs to channgb@copic beam electromagnetic fields, as discussed in
guide lasers focused to high energy densities over many Bagction II-IV. Charged particles get bent severely by the mac-
leigh rangel7]. Such plasma channels not only over comgscopic electromagnetic field of the opposing colliding beam,
diffraction, but decouple transverse gradient of laser field fraghding to copious emission of what is known as ‘beamstrahlung’

that of the accelerating wake. There are may similarities tf)?fotons, characterized by the parameter - a classical mea-

tween linac structures and hollow plasma channels. These nged . average radiated photon energy in units of beam par-
to be quantified and better understood.

Figure 11

ticle energy. The effect also leads to a large energy spdgad,

An example laser wakefield acceleration (LWFA) scheme iisthe colliding beams. If the number of particles per colliding
worked out in Appendix C with associated parameters listbdnch is too large, the beamstrahlung photons can produce co-
there. Even if a 10 GV/m module as exemplified in Appendberent pairs, causing concern about electromagnetic and had-
C would work out, there are many issues in staging of suehnic backgrounds in the detector.

modules for a collider: (i) synchronization of laser and elec-

tron pulse from stage-to-stage requiring a sub-picosecond ladére “y-y” collisions (instead of direct*e collisions) via
synchronization clock; (i) range of plasma densities, laser éeempton conversion offer alternative paradigm to collider
ergies and laser spot sizes from injection to collision and (iiilysics, with no limitation from beamstrahlung or coherent pair
injection schemes. The required R&D for laser acceleration,aeduction.

identified today are:

(i) Laser channelling in a plasma at&8v/cn?; A preliminary but rapidly evolving conception of such a com-
(i) Injection and locking in laser plasma; posite and integrated linear collider complex is being consid-
(iii)Wakefield diagnostics and instrumentation: emittance ered by the international linear collider community at present

preservation and stability; and is shown in Figure 12. The required laser peak powers -
(iv) Laser development and control, and about a Joule in a picosecond or a 100 mJ in 100 femtoseconds
(v) A1 GeVin 1 mdemonstration experiment. - have already been achieved in today’s state-of-the3det-T

sers. And there is significant promise of enhanced repetition
rate operation of these lasers to match the particle beam colli-
sion frequency for luminosity considerations. Investigations



on both conventional lasers and Free Electron Lasers (FEtise for a possible LWFA. Such an exercise would be useful
towards this goal are underway at preBet for all scenarios. The site power, minimum required normal-
ized emittance and beam dynamics are common concerns. In
addition, pulsed peak power level, minimum pulsed heating,
ultimate electric field gradient in metal, power feed scheme,
Beam  Advanced Power etc. would be important issues for higher frequency power tubes
Final Focus . Dump Sourcefor ~21TeV  and structures such as in the W-band, say. Finally, emittance
— & . 4’ growth, minimum length, instabilities, disruption and final fo-
- Main Linace 552 . \ cus are common concerns, especially for schemes using beam

-y — combiners and neutralized beams.
1 T Compressor
Pre-Accelerator ||‘—| Qoo
- Compressor XI. OUTLOOK
Damping Positron '
Ring Electron %
urce _ . .
Sourc It is clear that the various concepts are at a different level of

Spent electrons deflect

) S development and have a different set of near and medium term
in amagnetic field

problems to address. For example, the high-frequency rf
schemes have to study fabrication, breakdown and heating lim-
its, while the laser wakefield schemes, which have acheived
Spot size for soft y high field gradients in a plasma, must demonstrate the ability to
accelerate a low emittance beam, to excite wakes in plasma
Polarized laser beam channels over distances much longer than diffraction lengths,
to couple efficiently to the plasma, etc. The power sources, rf
and laser, also need substantial development to reach the si-
multaneous requirements of power, repetition rate and efficiency.

Spot sizefor hard y

Polarized ¢
e-beam G

Figure 12 It should be emphasized that the purpose of the group was to
study the state of the field and discuss research directions and
X. WHAT NEXT ? requirements. The level of maturity of the concepts and associ-

ated technologies varied greatly. None of the schemes was pre-

A credible collider design involves concerns and optimizatioﬁ’?n_ted as, nor considered to be, at present, a candidate for
in a multidimensional space that is bound to vary in its mut&ﬂ"_'ders' Another_goal of the group was to provide the oppor-

relative weights among the various concepts and technologFHE'.'ty f(_)r yvorkers in the _advanced accelerator areas to gain an
Each parameter requiring optimization raises concerns that gpreciation of the requirements and concerns for the high en-
mand vigorous research and devleopment. The small spot SIZ& c_oIhder, and, of course, fo_r the more mainstream accelera-
at the IP required to maximize luminosity, for example, raisy Sclentists to become aquainted V\_"th the exciting develop-

guestions of optical and beamstrahlung limitations. Any néW“r_]ts in the advnaced a_ccelerator field. We believe a sound
structure being comtemplated would have to be examineopfﬁs's for futher collaborations between these groups was estab-

terms of beam dynamics implied by its wakefields. Any powg?hed'

source in the wavelength rangelris <A <2 cm would have to . . . .
be judged based on its peak and average power and overalT_B?— key physics issues of collider design are acceleration gra-

ficiency. High gradient mechanisms in the G>1 GV/m reginﬁjéem’ low-emittance particle sources and beam stability. The

should be examined for their efficiency in coupling power fro#ﬂey engineering issue is that of Wall’plug-to-be_am power effi-
the accelerating wave to the particle. Finally any collider sddency. At the end of the Snowmass’96, many in the AAT sub-

nario will imply an ‘acceptance’ for the total beam phase spa#&UP believed in the following:

volume or ‘emittance’that is compatible with collider param- . . -
eters at the IP. This acceptance will typically demand wltr8Y the year 2000 AD, critical experiments on the feasibility of

low emittance’ or ultracold beams at injection, begging reseadferating a 1 Gev beam of electrons compatible with a 5 Tev

and development of ultracold particle sources and their beﬁ%"‘_jer module_— e.g. f00 163 ele_ctrons of 1 GevV snergy
dynamics. within a normalized transverse emittance of6l® 107 m-

rad, shorter than 1 ps in length and produced in a distance

To get a concrete and clearer picture of the required R&D Hﬂder a meter — will be performed at many laboratories world-

any collider concept, scenario or technology, one should atterfy elbas_ed obn marllyf(_)f;:e s%hefr_nles d'SCUSSEdd'r_‘ th'ls report —
at a reasonable parameter set for each collider scenari@ S 'eration by wake Ie1r guide nelds generate_ In plasmas
A=1 cm.. 3 mm.. 1 mm and those based on Laser Wake ERiftructures (metal or dielectric) by lasers, particle beams
Acceleration (LWFA), Plasma Wakefield Acceleration, etc.. [ricrowave power sources.

Appendix C, we provide a preliminary outline of such an exer-



The subsequent R&D focus will be on the beam quality, cohhe three primary and generic issues regarding high energy lin-
trol, staging and engineering. Such an outlook begs the ques-colliders that are ready for intense study in the coming years
tion: what has changed lately that allows us to be so optindge: (i) the limits of the beam-beam electromagnetic interac-
tic? There have been many new results and achievementstibat (i) establishing the limits of metallic and dielectric struc-
give us confidence in this prognosis: tures and finally, (iii) using the enormous potential of the laser.

() Feasibility and operation of compact high power, shoxuch theoretical and experimental work is in progress at many
pulse, lasers have already been demonstrated. The Tabledkipersities, laboratories, institutes and industries throughtout
Terawatt (P) solid state lasers based on the Chirped Pulgg world. It promises to be an exciting decade of bold and
Amplification (CPA) technique is a fast moving technologwadvanced R&D indeed !!!

Sufficient peak powers relevant to colliders (>1-10 TW) have
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Appendix B
List of Snowmass’96 AAT Subgroup Participants

Other than the 36 speakers as listed in Appendix A and the au-
thors of this summary report (who chaired and convened the
group), there were 26 other participants to the AAT Subgroup

at Snowmass’96 as listed below:

LBNL - Wen-Hao Cheng, Andy Sessler, Brad Shadwick
FNAL - Pat Colestock, David Finley, Fred Mills, Robert

Noble

LLNL - Dan Klem

ANL - Jim Norem

UCLA - David Cline, Claudio Pellegrini

U. Michigan, Ann Arbor - Lawrence Jones

BNL - Harold Kirk, Q.S. Shu

US DOE - David Sutter

Cornell U. - James Welch

UC San Diego - Norman Kroll

SLAC - Chris Adolphsen, Ralphf#nann, Keith Jobe, Tor

Raubenheimer, Bob Siemann, Kathy Thompson, Juwen
Wang, Dian Yeremian, Michiko Minty.

Appendix C
Channelled LWFA Parameter Set for a 5 TeV Collider

It is well known that lasers have inherently high electric and
magnetic fields, that can potentially be harnessed for compact

Prof. Donald Umstadter, Center for Ultrafast Optical Sciencsltra-high gradient linear accelerators. There exists the possi-

University of Michigan, Ann Arbor,
“Laser Acceleration”.

Dr. Chris Clayton, UCLA,
“Plasma Beat-Wave Accelerator”.

Prof. Martin A. Gundersen, USC,
“Development of Practical Devices for Implementation of
Plasma-Based Concepts”.

bility of acceleration via lasers in free space in presence of sulit-
able boundaries or via nonlinear higher order mechanisms or
via direct coupling of lasers to a plasma-like medikh
Among experimental results to date on laser-driven accelera-
tion of electrons in a plasma, the UK (RAL) experiment is the
most recent (1996). It has demonstrated the highest gradient
(100 GV/m) and produced beam-like properties in the acceler-
ated electrons with ¥Glectrons @ 40 MeV 10% with a nor-
malized emittance afy<5m mm-mrad22].



We would like to remind the readers of two important aspedtg!® Watts/cn?, have been propagated up to 70 Rayleigh
that will critically determine the future of laser acceleratiolengths. Much progress has also been made in the context of
schemes. First, just as today’s microwaves from klystrons ardse train generation and control in today’s table-top terawatt
suitably guided by linac waveguide structures without diffratasers, thanks to applications in coherent wavepacket control
tion for efficient coupling to a charged particle beam, we wilbr studies in ultrafast chemistry. One has the capability today
have to learn how to focus strongly (in order to achieve hightailoring a sequences of up to eight or ten pulses, varying in
electric field intensities) and simultaneously guide short pulsgength, phase and width from a short pulse laser.
high energy lasers over long macroscopic distances of cms with-
out diffraction in order to use them for particle acceleratioA.state-of-the-art ¥- laser with improved repetition rate (10TW,
Second, one would have to master the relative amplitude, ph2ge fs, 10 kHz) will provide 3 J of laser energy per pulse at a
and frequency control of lasers similar to that exhibited byavelength of Lm. If one aims at a 1 meter stage with energy
today’s rf control level, but scaled to laser frequencies. gain of 10 GeV, one needs a plasma 1 meter long, with a den-
sity of 107cm3 accommodating 300 Rayleigh lengths. The
An artist's impression of a staged and modular laser wakefi@ldcelerating wakefield wavelength will be 108, the channel
accelerator, compared and contrasted to its present-day micadius 3Qum, the acceleration gradient of 10 GV/m, with chan-
wave linac analog, is depicted in Figurd43i nel density variation of a 50% from center to the edge. In this
scenario, one laser creates the necessary plasma acceleration
Such a scheme depends on the success of propagating and gurigtture via guiding, the other creates the wakefield for accel-
ing intense laser pulses in hollow plasma channels at high poesation. A typical 10 GeV module is shown in Figurd23b
densities of the order of 38 W/cm? over several hundred
Rayleigh lengths. | would like to mention here the important
results obtained at MarylaH®! where lasers focussed to
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The required plasma channels need further study in ordeiStoould the guiding, staging and controllability issues be worked
overcome diffraction and to decouple the transverse gradient, there is hope that wakefields excited in plasmas by a suit-
from that of the accelerating wake. Many similarities exist bably shaped laser pulse will have the necessary characteristics
tween linac structures and hollow plasma guides. These neefdtgarticle acceleration to ultrahigh energies, based on rather
be quantified and better understood. Synchronization of laseliable simulations available today.

and electron pulse from stage-to-stage in Figure C2 demands

sub-ps laser synchronization scheme. There are various injec-

tion and synchronization schemes under study at present.
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